Acoustic measurements were conducted to determine the degree to which vowel duration, closure duration, and their ratio distinguish voicing of word-final stop consonants across variations in sentential and phonetic environments. Subjects read CVC test words containing three different vowels and ending in stops of three different places of articulation. The test words were produced either in nonphrase-final or phrase-final position and in several local phonetic environments within each of these sentence positions. Our measurements revealed that vowel duration most consistently distinguished voicing categories for the test words. Closure duration failed to consistently distinguish voicing categories across the contextual variables manipulated, as did the ratio of closure and vowel duration. Our results suggest that vowel duration is the most reliable correlate of voicing for word-final stops in connected speech.
INTRODUCTION
The finding that voweh before voiced consonants are longer than before voiceless consonants has been well documented in the literature (Chen, 1970 (Barry, 1979; Hogan and Rozsypal, 1980; Lisker, 1981; Raphael, 1981; Wardrip-Fruin, 1982) , it is nevertheless clear that the duration of the vowel preceding syllable-final consonants constitutes one of a set of cues to voicing {see Hillenbrand et al., 1984) . In addition, recent evidence has suggested that vowel duration may be the primary cue to voicing for infants (Eilers et al., 1984) . Thus, despite recent evidence that other cues such as voicing during closure may actually be superior to vowel duration in signaling voicing, this temporal correlate of voicing appears to play some role in adult and infant perception of voicing of syllable-final consonants, especially when other cues to voicing are ambiguous.
Also well documented in the literature are the findings that closure durations for syllable-final stops are longer for voiceless stops than voiced stops (Lisker, 1957; Port, 1978 Port, , 1979 Port, , 1981a and that closure duration may cue voicing in perception (Lisker, 1957 (Lisker, , 1978 Port, 1979; Port and Dalby, 1982) , although, again, only when other cues are ambiguous.
Thus both vowel duration and closure duration have been shown to be potential cues to the voicing distinction of wordfinal stops in the absence of or in concert with other temporal and spectral cues. tually no differences in closure duration as a function of voicing.
Taken together, the results from these studies suggest that vowel and closure duration may have limited applicability as correlates of voicing in connected speech. Thus one purpose of the present study was to explore in some depth the utility of vowel and closure duration as correlates of voicing in connected speech under more systematic conditions than have previously been employed. We reasoned that vowel and/or closure duration may prove to distinguish voicing categories when a number of factors known to influence theae temporal interval• are carefully controlled. We hypothesized that larger and more consistent effects of voicing on these temporal intervals may be uncovered once the phonetic and scntential contexts in which the stops arc produced are precisely manipulated. Such manipulations may, of course, result in speech that is in some sense less "connected" or "fluent" than has previously been examined. However, our approach is advantageous in at least two ways: First, it allows us to compare voice cognates in identical environments and, second, it enables us to apply standard statistical analyses to the data in order to assess the reliability of any differences that we may find. The present study, then, was conducted to address in a systematic fashion the issue of phonetic and sententlal effects on vowel and closure duration as correlates of voicing of word-final stops. We investigated these temporal intervals under a variety of manipulations that were predicted to affect their absolute durations. In particular, we examined the effects of: (1) In addition to examining in a precise manner the effects of context on vowel and closure durations, we were interested in testing a claim recently made by Port (1981a,b; Port and Dalby, 1982; see also Kohler, 1979 ) that the consonantvowel (C/V) ratio (the ratio of closure and vowel duration} is an abstract correlate of voicing that may be independent of certain contextual variables. Port (1981 a) has shown that the C/V ratio distinguishes voicing across changes in speaking rate, the number of syllables in the test word, and the tenseness of the vowel preceding the syllable-final stop--all three of which affect the absolute durations of both the vowel and closure intervals. Therefore, although speakers may produce vowel and closure durations within a wide range of durations, the C/V ratio appears to distinguish voicing consistently in speech production as a consequence of temporal covam' tion of vowel and closure durations. According to Port , because the C/V ratio is a relational cue, and therefore not dependent on the absolute durations of the two relevant segments, it may therefore prove more robust to contextual modifications of the durations of vowels and closures in signaling voicing than either vowel or closure duration considered alone. Port and Dalby (1982) and Fitch 11981) have provided evidence supporting the perceptual relevance of the C/V ratio. Port and Dalby demonstrated that when other cues to voicing are ambiguous, the C/V ratio is apparently the primary cue for perception of voicing of syllable-final stop consonants. Both they and Fitch { 1981) have furthermore shown that the critical C/V ratio remains relatively constant across changes in speaking rate. Thus data from studies of both speech production and perception suggest that the compensatory relationship between the temporal factors of vowel duration and closure duration provides a cue to voicing independent of the effects of speaking rate, whereas either of these factors alone does not. (See, however, Massaro and Cohen, 1983, for an opposing viewpoint.) Given this evidence, it is possible that the C/V ratio would also distinguish voicing across the various sentential and phonetic contexts examined in the present study. Although existing research stlggests that the C/V ratio may undergo substantial modifications across sentence position due to a lack of lengthening of closure duration when vowel duration increases in phrase-final position (Klatt, 1975 (Klatt, , 1976 Oller, 1973) , we were nonetheless interested in determining whether the C/V ratio better accounts for voicing of word-final stops than the absolute durations of the vowel and/or closure.
I. EXPERIMENT 1
A. Method
Subjects
Three male and three female volunteers recruited from the laboratory staff served as unpaid subjects, although the data for one of the subjects were subsequently discarded (see below). All subjects were native English speakers and reported no history of speech or hearing disorders. Subjects were naive to the purpose and design of the study. Table I .
Previous research by Port (1981a; see also Peterson and Lehiste, 1960) has shown that place of articulation, manner, and voicing of the initial stop consonant in a consonantvowel-consonant syllable have little or no effect on the durations of the intervals relevant to the present study. The initial stop consonants were thus selected only to facilitate measurement of vowel duration. Furthermore, in order to construct such minimally contrastive pairs, it was necessary to include some nonsense words in the set of test words. All nonsense words, however, were phonologically permissible English sequences.
Each test word was embedded in one of four sentence frames, which are also given in Table I . In sentence frames (1) and (3), the test word occurred phrase finally, whereas in sentence frames (2) and (4) one word occurred between the test word and the phrase boundary. The sentential contexts thus made the test words either phrase-final or nonphrasefinal. In addition, in sentence frames (1) and (2), the test word was followed by the unstressed, midcentral vowel/•/. In sentences frames (3) and (4), the test word was followed by At the beginning of a session, the subject was insCructed to read each sentence in as natural a manner as possible and to avoid placing any undue stress on any of the words. He or she then read a short practice list of sentences to familiarize himseffor herself with the materials and to allow the experimenter to adjust the levels on the tape recorder. The utterances were recorded in a sound attenuated booth (IAC Model 401A) using an Electro-Voice D054 microphone and an Ampex AG-500 tape recorder.
Measurements
All 144 test sentences for each of the six speakers were low-pass filtered at 4.8 kHz and digitized at a 10-kHz sampling rate via a 12-bit analog-to-digital converter. Measurements were made from a visual waveform display using a digital waveform editor (see Luce and Carrell, 1981) .) The results will be discussed separately for the three dependent variables.
Vowel durations
Mcan vowel durations and between subject standard deviations are shown in Table II Closure durations were also 18 ms longer for voiceless stops (mean duration = 86 ms) than voiced stops (mean duration = 68 ms) overall. However, voicing entered into interactions with sentence position and local phonetic environ- 
C/V rat/os
Mean C/V ratios are shown in Table IV 
Summary
Of the three temporal attributes examined in this investigation, vowel duration proved to to be the most reliable correlate of voicing across changes in sentence position, 1o-
• phonetic environment, place of articulation, and inherent vowel duration. Although voicing for vowel duration entered into interactions with all but one of the independent variables (i.e., local phonetic environment), significantly longer vowel durations were consistently obtained for voiced than voiceless stops. Closure duration, on the other hand, fared much more poorly, significantly distinguishing voicing for less than half of the cases examined. Finally, although the CfV ratio proved more reliable than closure duration alone, it nevertheless failed to distinguish between voicing categories for/kag-kak/in nonphrase-final position. In addition, voicing in terms of the C/V ratio did not overcome modifications of the temporal intervals imposed by the variables examined. Instead, the C/V ratio proved more susceptible to contextual effects than absolute vowel duration, entering into interactions with all of the independent variables. Thus the C/V ratio does not appear to constitute a correlate of voicing superior to that of vowel duration alone, at least in terms of the contextual effects examined in the present study. Indeed, the CfV ratio failed to distinguish voicing for all cases, whereas vowel duration alone did.
II. EXPERIMENT 2
In order to further extend and, in part, replicate the results obtained in the previous experiment, a second experiment was performed in which the local stop environment was replaced with a local fricative environment and/•/in the local vowel environment was replaced with/1/. The ef-feets of a local fricative environment were examined not only to extend our results, but also to overcome, in part, possible segmentation anomalies that may have arisen (especially for the alveolars) in experiment 1 in measuring postvocalic closure durations in the presence of two adjacent stop closures. Although we were careful to include in our data in experiment 1 only those test words with clearly released stops, we felt compelled to examine another obstruent in the local consonant environment that would allow more precise measurement of closure durations. In addition, we were interested in determining if closure duration would fare better as a correlate of voicing when not followed by an obstruent from the same manner class. In particular, we attempted to determine if closure durations for alveolars might more consistently signal voicing when not followed by an obstruent of the same manner and place of articulation. In short, experiment 2 was conducted in order to further extend and confirm our hypothesis that vowel duration alone is a more robust temporal attribute to word-final voicing of stops than either closure duration or the C/V ratio.
Subjocts
Two new male and two new female subjects served as volunteers. All four subjects met the same criteria as those subjects who participated in experiment 1.
Materials
The materials were the same as those used in experiment 1 except for the change in the sentence frames (see Table I} . 
Procedure and measurements
The procedure and method of measurement were identical to those used in experiment 1. As in experiment 1, test words with unreleased final stops were excluded from the data analysis. However, because of the use of the local fricative environment, the data from only 0.7% of the test words duration does not constitute a consistent attribute of voicing of word-final stops in connected speech.
$. C/V/at/os
Mean C/q/ratios are shown in Table VII Klatt, 1976, and Umeda, 1975) , place of articulation, and inherent vowel duration (see Crystal and House, 1982) in experiment 1 and as a function of inherent vowel duration in experiment 2, vowel duration nevertheless proved to be a statistically reliable correlate of voicing across the phonetic and contextual variables examined. Thus, even though it is impossible to adopt a fixed criterion for judging voicing on the basis of vowel duration that is independent of vowel identity and phonetic and sentential context, it appears that, once adjustments are made for the particular environment in which the word-final stop is articulated in conneeted speech (cf. Raphael, 1981) , vowel duration will constitute a consistent correlate of phonological voicing.
In contrast to vowel duration, which proved to distinguish voicing reliably in all cases, closure duration fared much more poorly. Indeed, closure duration failed to distinguish voicing in 53% of the cases in experiment 1 and in 83% of the cases in experiment 2. In a situation approximating continuous speech, then, differences in the closure durations of voiced and voiceless stops tend to be small and exhibit considerable variance in production, replicating, in part, the findings of Crystal and House (1982; see also Umeda, 1977) . One of the primary sources of this variation in production of closure durations appears to be the identity of the segment following the word-final stop.
Given the unreliable nature of closure duration as a correlate of voicing observed in our study, it is not surprising that combining vowel and closure duration into a single abstract expression of the voicing feature proved less robust to sentential and phonetic environmental influences than simply vowel duration alone. Although the C/V ratio clearly fared better than closure duration, due to the contribution of the vowel component of the ratio, it nevertheless failed to distinguish voicing consistently in all cases. In addition, the C/V ratio is presumably a more "abstract" correlate of voicing that should not as readily succumb to contextual modifications as, for example, the absolute duration of the vowel. However, it was found that voicing as a function of the ratio was more, rather than less, affected by the variables manipulate& (See also Repp and Williams, 1985 , for a discussion of the failure of the C/V ratio to remain constant in perception under similar contextual modifications.)
In short, the present study suggests that vowel duration may serve to be the most consistently 'reliable temporal cue to voicing of word-final stops of the three correlates of voicing examined here. Of course, temporal and spectral cues otherthan vowel duration (e.g., voicing during closure, fre- 
